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Biochemical sensora b s t r a c t
A surface plasmon resonance biochemical sensor based on a tilted ﬁber Bragg grating imprinted in a sin-
gle mode ﬁber core is demonstrated. A 30–50 nm thick gold coating on the cladding of the ﬁber provides
the support for surface plasmon waves whose interaction with attached biomolecules is monitored at
near infrared wavelengths near 1550 nm. The transmission spectrum of the sensor provides a ﬁne comb
of narrowband resonances that overlap with the broader absorption of the surface plasmon and thus pro-
vide a unique tool to measure small shifts of the plasmon with high accuracy. The attachment on the gold
surfaces of aptamers with speciﬁc afﬁnities for proteins provides the required target-analyte system and
is shown to be functional in the framework of our sensing device. The implementation of the sensor
either as a stand-alone device or as part of a multi-sensor platform is also described.
 2013 Elsevier Inc. All rights reserved.1. Introduction In order to beneﬁt fully from any or all of these factors, the mostIn recent years, biochemical sensors relying, for their detection
process, on the interaction of light with molecules ranging from
simple to complex have become commonplace. In all cases a probe
light beam with suitable properties is directed at a sample, or at an
array of samples, and its reﬂection or transmission is monitored as
a function of various parameters. Changes in the properties of the
molecules and substances being probed lead to corresponding
modiﬁcation of the optical transfer function of the devices. The
parameter changes that are routinely detected include those aris-
ing from chemical reactions, biomolecular binding processes and
simply size or spatial distribution modiﬁcations [1–4]. In all cases,
the use of optics enables high sensitivity detection because of three
important factors:
(1) light consists of a high frequency wave whose exact phase
can easily be determined (with an interferometer for
instance);
(2) waves of different frequencies (‘‘colours’’) can propagate
simultaneously in the same volume of space without inter-
fering (thereby allowing for wavelength multiplexing and
demultiplexing, including pump–probe experiments);
(3) light beams can be shaped or directed in space to probe mul-
tiple detection points simultaneously (this allows parallel
processing and the use of arrays of samples).sensitive optical sensing systems rely on complex arrangements of
light sources, optical elements (lenses, prisms, polarizers, diffrac-
tion gratings, mirrors) and detectors, associated with good elec-
tronic systems to maximize the signal-to-noise ratio (SNR) and
allow for reference channels to eliminate background effects [5–7].
In parallel with these advances, much effort has been devoted
toward the development of optical biosensors using optical ﬁbers
to deliver and/or collect light. The use of ﬁber removes many con-
straints in getting the light to and from samples, but at the same
time limits the kinds of interaction that can be achieved on sam-
ples, unless the light is taken out of the ﬁber prior to reaching
the sensing volume or surface. Therefore, it has been generally
acknowledged that intrinsic ﬁber optic sensors (i.e. those kinds of
sensors for which light remains guided, or partially guided by the
ﬁber as it interacts with molecules and materials) have limited per-
formance compared to bulk optic counterparts, but remain rele-
vant in applications where their small size and remote
operability make a difference [8–11].
In the work presented here, we demonstrate a ﬁber-based sur-
face Plasmon resonance sensorwhose performance approaches that
of bulk optic counterparts. This device is unique because it uses a
ﬁne comb of spectral resonances whose sensitivity to events occur-
ring on the ﬁber surface is highly differentiated. This differentiation
is ampliﬁed by plasmonic effects due to the presence of a thin gold
coating on the ﬁber surface. Measurements with those sensors
involve comparing the spectral changes of several individual
resonances, including reference ‘‘channels’’ and a temperaturemon-
itor (all from a single device), for the highly sensitive detection of
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ity and low limit of detection (LOD) arise becausewhen used at near
infraredwavelengths between 1.5 and 1.6 lm, the spectral width of
the resonances of our sensors lie between 0.01 and 0.1 nm for Q-fac-
tors as high as 105 (with theQ-factor deﬁned aswavelength/spectral
width at half maximum). A high Q-factor is an important factor in
the sensitivity of resonant sensing devices as it helps to measure
small wavelength shifts with greater accuracy [4]. Furthermore,
we use standard singlemode telecommunication grade optical ﬁber
with propagation loss under 0.2 dB/km at these wavelengths. Final-
ly, this high transparency and thewidespread availability of power-
ful, low-noise light sources and detectors developed especially for
these kinds of ﬁbers mean that it is very straightforward to develop
interrogation systemswithadynamic rangeexceeding50 dB (there-
by completing the requirements for low LOD: narrow resonances,
high sensitivity, and low noise). In comparison to other demon-
strated ﬁber based SPR sensors [12–14], we use a short period grat-
ing photo-inscribed in the core of the single mode ﬁber to retrieve
very precise phase information from the light propagating in the ﬁ-
ber. The grating also couples someof the light from the low loss ﬁber
core to the cladding, where it can interact with the gold coating
without having to mechanically remove the cladding or otherwise
perturb the ﬁber to allow such contact (Fig. 1).
Finally, amongst the many possible coatings developed to per-
form molecular recognition experiments on the surface of the gold
covered ﬁbers, we have chosen to use aptamers as our molecular
receptors. Aptamers are single stranded DNA or RNA that fold into
selective, high afﬁnity binding pockets for a target molecule. They
are discovered using an in vitro process called Systematic Evolution
of Ligands by EXponential enrichment (SELEX), a procedure where
target-binding DNA or RNA are selected from a random library of
sequences through iterative cycles of afﬁnity separation and ampli-
ﬁcation [15]. Aptamer generation has been achieved for a wide
variety of targets including small molecules [15], proteins [16],
viruses [17] and whole cells [18]. Aptamers have several advanta-
ges over antibodies, which have long been considered the standard
in molecular recognition, that have led to their emergence as a via-
ble alternative for biosensing applications. Firstly, the in vitro apt-
amer selection process allows a greater control over aptamer
binding conditions. Non-physiological salt concentrations, temper-
atures and pH can be used in successful selections, allowing for
aptamers to be better tailored to their eventual sensing environ-
ment. Due to the robustness of the DNA phosphodiester backbone,
aptamers can exhibit an extended shelf life over theirFig. 1. Schematic diagram of gold coated tilted ﬁber Bragg grating surface plasmon
resonance sensor coated with aptamer receptor molecules.protein-based antibody counterparts. In particular, aptamers can
be reversibly denatured by changing the surrounding conditions.
For example, a change in pH, temperature, ionic strength or use
of chaotropic agents irreversibly denatures antibodies, while apta-
mers simply unfold. The aptamer structure can then regain func-
tionality upon return of the original binding conditions. Unlike
antibodies, aptamers can also be generated for targets that are
toxic as well as for targets that do not elicit an immune response
in vivo. Once selected, aptamers are manufactured using well-
established automated chemical solid-phase synthesis [19]. The
accuracy and reproducibility of this procedure allows for a relative
ease in producing aptamers at large scales, with very little batch-
to-batch variation in activity. Additionally, aptamer sequences
can be modiﬁed with reporter molecules throughout this solid-
phase synthesis; this allows for labeling at judiciously chosen
nucleotide positions to minimize any effect on the functionality
of the aptamer. Moreover, this opens up a range of surface conju-
gation chemistries for biosensing [20].
The paper is organized as follows. The sensor platform and its
function are described in detail in Section 2, which is followed by
Sections 3 and 4 which deal respectively with the fabrication of
the sensor probe and its functionalization with biomolecules. Sec-
tion 5 describes the sensor interrogation process and the instru-
mentation required. Finally some representative biochemical
binding experiments are reported in Section 6, which is followed
by a short conclusion on the potential and the limits of this new
approach.2. Description of the basic sensor
The sensor device consists of a single mode optical ﬁber in
which a photoimprinted refractive index grating has been formed
over a short section of the core, and that is further provided with
a two layered coating: a very thin metal coating and a suitable bio-
chemical recognition binding layer.
The glass optical ﬁber is a 125 l-thick cylindrical waveguide
made of two concentric layers, the core in the middle surrounded
by a cladding that is thick enough to isolate the light propagating
in the core from interacting with the ﬁber surroundings. To allow
for the guidance of light in the ﬁber core, the refractive index of
the core is slightly higher than that of the cladding. Our experi-
ments are conducted on single-mode optical ﬁbers characterized
by a core diameter of 8 microns that guides light into a single opti-
cal mode (or trajectory) at wavelengths between 1300 nm and
1650 nm. We use CORNING SMF-28 ﬁber but any ﬁber complying
with the ITU-T G.652.D international standard (which speciﬁes the
physical and optical properties of optical ﬁbers for telecommunica-
tions) would work just as well. These ﬁbers are widely available at
low cost (less than 100 US$/km) because they are used for much of
the telecommunications infrastructure deployed globally. For the
same reason, a large quantity of equipment is available to charac-
terize, manipulate and use such ﬁbers and devices made from
them (such as splitters, connectors, polarizers, etc. . .). The speciﬁc
equipment used in our work will be speciﬁed in Section 5.
As sketched in Fig. 2a, a uniform ﬁber Bragg grating (FBG) is a
periodic and permanent refractive index modulation of the ﬁber
core that is imprinted perpendicularly to the propagation axis
[21,22]. It behaves as a selective mirror in wavelength for the light
propagating in the core, reﬂecting a narrow spectral band centered
on the so-called Bragg wavelength kBragg = 2neff,coreK where neff,core
is the effective refractive index of the core mode (close to 1.45) and
K is the grating periodicity (the effective index of a mode is a mea-
sure of its phase velocity vp = c/neff,core, where c is the speed of light
in vacuum). In practice, K  500 nm to ensure that the Bragg
wavelength falls in the band of minimum attenuation of the optical
Fig. 2. Sketch of the light coupling mechanism for uniform FBGs (a) and tilted FBGs (b).
Fig. 3. Typical transmission spectrum of a 10 tilted ﬁber Bragg grating measured in
air (using linearly polarized input light as described in Section 5).
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sensitive to mechanical strain and temperature, through a change
of both neff and K [21]. For instance a change of temperature of
+1 C shifts a Bragg resonance located near 1550 nm by 0.01 nm.
Such change is easily measured with standard telecommunication
instruments since the full spectral width of the reﬂected light from
a typical 1 cm-long grating is of the order of 0.1 nm. However our
purpose here is to measure events occurring on or near the ﬁber
cladding surface and the core mode reﬂection spectrum is inher-
ently and totally insensitive to such changes (because the penetra-
tion depth of core guided light into the cladding does not exceed a
few micrometers). We use a small modiﬁcation of the FBG to cou-
ple light from the core to the cladding and still beneﬁt from nar-
rowband spectral resonances that will reveal small changes at
the cladding boundary.
A tilted ﬁber Bragg grating (TFBG) corresponds to a refractive
index modulation angled by a few degrees relative to the perpen-
dicular to the propagation axis (Fig. 2b) [23]. The properties and
features of TFBG sensors have recently been reviewed extensively
[11] so only the main results will be reproduced here. In addition
to the self-backward coupling of the core mode at the Bragg wave-
length, the grating now redirects some light to the cladding whose
diameter is so large that several possible cladding modes can prop-
agate, each with its own phase velocity (and hence effective index
neff,clad). These possible modes of propagation correspond to differ-
ent ray angles in Fig. 2b. Again there is a one-to-one relationship
between the wavelength at which coupling occurs for a given clad-
ding mode and its effective index. This relationship is expressed by
a similar phase matching condition as before: kclad = (neff,core +
neff,clad)K where the index ‘‘i’’ reﬂects the fact that the ﬁber clad-
ding can support many modes. Fig. 3 shows a TFBG transmission
spectrum where each dip corresponds to the coupling from the
core mode to a group of backward propagating cladding modes.
As a result of phase matching, the spectral position of a resonance
now depends on the effective index of its associated cladding
mode, which in turn depends on the optical properties of the med-
ium on or near the cladding surface.
Therefore, spectral shifts of individual resonances can be used
to measure changes in ﬁber coatings and surroundings. But an-
other factor comes into play in this case because the strength of
the coupling for a particular resonance (cladding mode) depends
on the distribution and polarization of the electromagnetic ﬁeld
of the mode over the ﬁber cross-section. For instance when the sur-
rounding refractive index (SRI) increases, the mode ﬁeld becomes
less conﬁned by the cladding and extends deeper outside of the ﬁ-
ber: this generally results in a decrease of the coupling strength be-
cause a smaller fraction of the mode ﬁeld remains in the vicinity of
the core to participate in the coupling process. The coupling
strength is a quantity that can be measured with great precision
as will be shown in Section 3.
Laffont and Ferdinand were the ﬁrst to demonstrate SRI sensing
with TFBGs in 2001 [24]. They observed a progressive smoothing ofthe transmitted spectrum starting from the shortest wavelengths
as the SRI increased from 1.30 to 1.45. Several data processing
techniques can be used to quantitatively correlate the spectral con-
tent with the SRI value, either based on a global spectral evolution
or a local spectral feature change. The ﬁrst method involves mon-
itoring the area delimited by the cladding mode resonance spec-
trum, through a computation of the upper and lower envelopes
as resonances gradually disappear when the SRI reaches the cut-
off points of each cladding mode [24,25]. Another technique tracks
the wavelength shift and amplitude variation of individual clad-
ding mode resonances as they approach cut-off [26]. Both tech-
niques present minimum detectable SRI changes of 104 RIU
(refractive index unit). In terms of wavelength tracking, this result
is obtained with a sensitivity that peaks between 10 and 15 nm/
RIU for the modes near cut-off. In all cases, the Bragg wavelength
provides an absolute power and wavelength reference which can
be used to remove uncertainties related to systematic ﬂuctuations
(such as power level changes from the light sources) and even tem-
perature changes (because it was demonstrated in Chen et al. [27]
that all resonances shift by the same amount when the tempera-
ture changes). The TFBG thus allows inherently temperature-
insensitive SRI measurements and large signal-to-noise ratio.
For biochemical experiments however, it is usually necessary to
improve the LOD levels to at least 105 RIU, by increasing the
wavelength shift sensitivity while keeping noise level down and
spectral features narrow [28]. Fortunately, it has been recently
demonstrated that the addition of a nanometric-scale gold coating
overlay on the TFBG outer surface considerably enhances the
refractometric sensitivity through the generation of surface plas-
mon resonances (SPR) [29–31]. In simpliﬁed terms, surface
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face between a metal and a dielectric. These waves have a well-de-
ﬁned phase velocity that depends solely on the frequency of the
wave, and on the complex refractive indices of the metal and the
dielectric. Furthermore plasmons are polarized at right angles to
the metal surface (i.e. radially for metal coatings on cylindrical ﬁ-
bers). The increased sensitivity achieved with plasmon waves
arises because of the large localization of electromagnetic energy
in the layer immediately adjacent to the metal surface. Any pertur-
bation in that layer, such as the binding of analytes on receptor
molecules modiﬁes the local refractive index of the dielectric and
the plasmon phase velocity. In order to excite and measure plas-
mon resonances and hence to achieve this optimum sensitivity,
we use two unique features of TFBGs: (1) the polarization selectiv-
ity that comes about from the breaking of the cylindrical symmetry
of our non-polarization-maintaining ﬁbers, and (2) the high-den-
sity comb of narrowband spectral resonances that are available
to excite SPR and to measure their spectral location (with quality
factors between 103 and 104). These features are described in detail
in the following paragraph.
In contrast with conventional FBGs, the tilt angle breaks the
cylindrical symmetry of the coupling mechanism relative to the
state of polarization (SOP) of the input core guided light. Input light
linearly polarized in the plane of the tilt (P-polarization) couples to
different cladding modes than light polarized perpendicularly to it
(S-polarization). In the former case, high order cladding modes
have their electric ﬁeld polarized mostly radially at the cladding-
metal boundary while for the orthogonal input polarization the
cladding modes are azimuthally polarized (hence tangential to
the metal surface). In addition to phase velocity matching between
the cladding mode and the plasmon wave, this transfer of energy
can only occur when the electric ﬁeld polarization of the mode is
aligned perpendicularly to the coating surface, i.e. radially. There-
fore, P-polarized input light alone can lead to a very efﬁcient trans-
fer of energy from the core mode to a speciﬁc cladding mode and
then to a surface plasmon wave on the outer surface of the nano-
scale metal layer coating. The successful transfer of energy be-
tween a given cladding mode and the plasmon wave is identiﬁed
by a pronounced decrease of the amplitude of this cladding mode
resonance in the TFBG transmission spectrum, as reported in [30].
Under these conditions, very small changes occurring in a 1–2 lm
thick layer on top of the metal surface lead to strong modiﬁcations
of the plasmon wave properties and can be monitored precisely by
following the spectral transmission of the associated cladding
mode resonances [31]. On the other hand, S-polarized light does
not tunnel efﬁciently through the metal and associated cladding
modes remain unaffected by plasmon wave effects. This behavior
is depicted in Fig. 4 that presents two orthogonal amplitude trans-
mitted spectra for a gold-coated TFBG immersed in water (fabrica-
tion and measurement techniques are described in the following
section). A pronounced amplitude decrease locally occurs for the
P spectrum for cladding mode resonances whose effective index
corresponds to the one of the Plasmon wave (cf. inset of Fig. 4).
The sensing mechanism works as follows: the binding between
analyte and receptor molecules on the gold surface changes the
phase velocity of the plasmon wave and hence the wavelength of
the most attenuated cladding mode shifts. Sensing over a large
range is possible by tracking the wavelength shift of the center
of the envelope of the most attenuated resonances in a P-polarized
spectrum (labeled ‘‘SPR’’ in the inset of Fig. 4). This results in a SRI
sensitivity of 500 nm/RIU in a range of SRI from 1.32 to 1.42, i.e.
at least 20 times larger than for non-plasmon-assisted refractome-
try and similar in magnitude to bulk optic SPR sensors such as
Kretschmann type instruments [2]. The sensitivity is given in terms
of refractive index units for comparison with other SPR sensor
platforms (in biochemical sensing, the amount of index changeassociated with binding events varies widely with the types of
molecules involved). However the limit of detection (in this case
associated with the smallest detectable wavelength shift) is not
very good because the center of the SPR attenuation is not well de-
ﬁned in the spectrum (near 1550 nm in Fig. 4). This particular
problem also exists in bulk instruments where it is addressed by
very careful handling of optical and electrical noise sources and
by using reference channels. In TFBGs, a ﬁne comb of narrowband
resonances samples the envelope of the SPR attenuation and this
can be used to increase the resolution. However the cladding mode
resonance that is most closely phase matched to the SPR and hence
most sensitive is so attenuated that it becomes impossible to de-
tect. A more efﬁcient interrogation technique consists in monitor-
ing the evolution of a selected resonance located slightly away
from the SPR center, near 1545 nm in the spectrum of Fig. 4 for in-
stance. These resonances are only partly attenuated by the SPR ef-
fect so that they retain a signiﬁcant amplitude (10–15 dB) and
remain narrowband. Because of their location on the shoulder of
the SPR envelope the main effect of small spectral shifts of the
SPR is to increase or decrease the resonance amplitudes depending
on the direction of the SPR shift, as shown schematically on Fig. 5.
The location of the most sensitive resonance is shown as kS on
Fig. 4.
There are two ways to utilize this effect to achieve high resolu-
tion detection: either by monitoring the amplitude changes of se-
lected resonances on the SPR shoulder; or by using the
‘‘Polarization Dependent Loss’’ or PDL which combines the trans-
mission spectra of the S- and P-polarized into a single graph. We
will concentrate on the amplitude change method in this paper
(Sections 4–6) but we have shown earlier that the PDL spectrum
contains narrowband (near 50 pm wide) resonant features on the
short wavelength side of the SPR maximum that can be tracked
to enable refractive index change LOD of 105 RIU, achieved
through a quality factor (resonance wavelength divided by full
width at half maximum) of 105 and signal-to-noise ratio greater
than 50 dB [32,33].3. Fabrication of the optical ﬁber sensor
The sensor probe itself consists of the ﬁber grating and of the
gold coating to which biomolecules will be attached. For gratings,
a well established technological base exists and they are quite easy
to fabricate in large quantities, even in modestly equipped facili-
ties. However the preparation of good quality gold layers at the re-
quired thicknesses (between 30 and 50 nm) is a little more
difﬁcult, especially given the need for relative uniformity around
the circumference of the 125 lm diameter of the ﬁber.3.1. Fabrication of TFBGs
TFBGs are manufactured in the same way as conventional FBGs,
i.e. through a lateral illumination of the ﬁber core using an interfer-
ence pattern of ultraviolet (UV) light between 190 and 260 nm. The
exposure of the ﬁber to bright interference fringes for a fewminutes
locally and permanently increases the mean refractive index of the
core. The ultraviolet interference pattern is reproduced inside the ﬁ-
ber much like in a photographic process. Mass production of identi-
cal gratings is straightforward when the phase mask technique is
used to generate the interference pattern. A phase mask is a diffrac-
tive element made in a pure silica substrate that is optimized to
maximize the diffraction in the ﬁrst (+1 and 1) diffraction orders
[21]. An interference pattern at half the period of the mask is there-
fore produced in the ﬁber core when the optical ﬁber is located in
close proximity behind the mask. Because of the well established
FBG manufacturing base, there are several phase mask suppliers
Fig. 4. Polarized transmission spectra of a gold coated TFBG in water.
Fig. 5. Illustration of how the shift of the SPR envelope (thick curves) introduces
amplitude changes in the neighboring TFBG resonances in the transmission spectra
(thin lines).
J. Albert et al. /Methods 63 (2013) 239–254 243including Ibsen Photonics and Coherent Inc., and the only parame-
ters to be speciﬁed are the size of the mask (length and height of
the diffractive pattern on the mask), the ultraviolet wavelength at
which the mask is to be used (this determines the groove depth
for optimum diffraction into the ±1 orders), and the mask period.
In the ﬁbers that we use, a mask period of 1112 nm yields a Bragg
wavelength of 1610 nm. In order to obtain a ‘‘tilted’’ FBG, the inter-
ference patternmust be rotated relatively to the ﬁber axis. There are
twoways todo this: (1) rotatingboth theﬁber and thephasemask in
the incidence plane of theUV laser beam (Fig. 6a) or (2) rotating only
the phase mask in the plane perpendicular to the UV laser beam
(Fig. 6b). Although the secondmethod is somewhat simpler to setup,
we use themethod of Fig. 6a as it offers a ﬂatter interference pattern
inside the ﬁber and consistently produces TFBGs with strong and
narrow cladding mode resonances.
We work with a pulsed high-energy excimer laser (model PM-
848 from Light Machinery Inc.) operating at 248 nm with an en-
ergy per pulse adjustable between 100 and 400 mJ and a ﬁxed
beam size of 10  40 mm. The pulse repetition rate is adjustablefrom single shot to 100 Hz and has no impact on the TFBGs, apart
from the speed of inscription. Other intense ultraviolet sources can
be used, including smaller frame excimer laser such as the ‘‘Bragg-
star’’ (Coherent Inc.) developed especially for FBG manufacture.
The advantage of a more powerful excimer laser rests with the fact
that the beam can be expanded laterally by a large factor (up to
20 at least) and still retain enough energy density (10–40 mJ/
cm at the ﬁber) to write strong gratings as long as 15 cm in a single
exposure lasting less than 5 min (the same gratings written with
less powerful lasers require scanning the beam over the grating
length and much longer exposures). In order to maintain enough
energy density on the ﬁber, a 15 cm focal length cylindrical lens
at least as long as the grating to be written is used to concentrate
the widened ultraviolet laser beam to a ﬁne line (about 10 lm in
height) along the ﬁber axis, just behind the phase mask.
We routinely produce TFBGs with tilt angles varying between 4
and 10, the larger angle being preferred for work when the SRI lies
near the index of water and water solutions, which is often the case
in biochemical research, because then the strongest cladding mode
resonances are located near 1550 nm (when the Bragg wavelength
is near 1610 nm), where they are easier to measure. Prior to the
manufacturing process, the single-mode ﬁbers are hydrogen-
loaded (by soaking for 10 days in a vessel containing pure hydro-
gen at a pressure of 14 MPa) to enhance their photosensitivity to
ultraviolet light [34].
The end product (the TFBG), consists of an invisible periodic
refractive index modulation of the transparent core of the optical
ﬁber, with a periodicity of the order of 500 nm, typical lengths be-
tween 1 and 2 cm. The 125 lm-diameter cylindrical cross-section
of the optical ﬁber is not modiﬁed by this process.3.2. Fabrication of the gold coating
3.2.1. RF sputtering
The gold overlay can be successfully deposited using well-
established technologies, such as electroless deposition, electro-
plating or sputtering. The latter is used more routinely and yields
very high quality gold surfaces. We use a Polaron Instruments
model E5100 sputtering chamber in the following conditions: the
primary vacuum is set to a pressure of 13 Pa and the arc discharge
Fig. 6. (a) and (b) illustrate two variants on the conﬁguration used to manufacture TFBGs in optical ﬁber. We use conﬁguration (a).
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2.5 kV to extract gold from a 99.99% purity target. Two consecutive
depositions are made in the same conditions, with the optical ﬁ-
bers rotated by 180 between both processes, to ensure that the
whole outer surface is covered by gold. The optimum gold thick-
ness has been found to be approximately 50 nm, for the narrowest,
deepest SPR attenuation. In spite of the two-step deposition which
yields a slightly non-uniform thickness around the ﬁber circumfer-
ence, we did not ﬁnd this non-uniformity to be detrimental for SPR
generation in practice. Also, as the vacuum is obtained in the
chamber starting from ambient air and not from an inert (Argon)
starting atmosphere, there is no need for a 2–3 nm thick adhesion
layer of Chromium or Titanium between the silica surface and the
gold coating.Fig. 7. A simpliﬁed representation of the two main approaches for biomolecule
immobilisation on a gold substrate.3.2.2. Electroless deposition
Electroless deposition is another technique that we have used
for gold and silver ﬁlms. This technique is based on the reduction
of metallic ions from a solution to a solid surface without electrical
potential [35]. The electroless deposition requires several steps.
First of all, the plastic coating protecting the ﬁber is removed by
soaking it into dichloromethane (CH2Cl2). Then, the uncoated area
of the ﬁber is rinsed with methanol and subsequently treated with
a freshly prepared piranha solution (H2SO4/H2O2 = 3:1) for 20 min
followed by rinsing with de-ionized water. This strong cleaning
process allows for the formation of hydroxyl groups (Si–OH) at
the surface but according to the literature, the modiﬁcation of sil-
ica surfaces is more stable when a silanization procedure is carried
out [36,37]. Thus, the cleaned ﬁber is immersed in a solution of 4-
aminopropyltrimetoxysilane (APTMS, 1% in methanol) for 20 min
and then rinsed with methanol, de-ionized water and ﬁnally dried
with nitrogen gas. The result is a surface coated with a self assem-
bled monolayer (SAM) with exposed amine groups at the end. Once
dry, the modiﬁed ﬁber is dipped into a colloidal solution of gold
nanoparticles for 24 h. These gold nanoparticles interact with the
amine groups at the surface to form multiple chemical bonds.
The actual electroless deposition is now ready to proceed. The ﬁber
coated with gold nanoparticles is immersed into an aqueous plat-
ing solution containing a complex metal ions solution (2% in
weight of chloroauric acid, HAuCl4) and a reducing agent solution
(0.8 mM hydroxyl amine hydrochloride, NH2OHCl). The ﬁber is left
in the solution for 20 min without stirring. The hydroxylamine
hydrochloride reduces the gold nanoparticles immobilised on the
surface to form bigger nanoparticles until a somewhat continuous
thin gold ﬁlm is formed. Of particular interest in this context is that
the electroless process used to form a metal ﬁlm on a TFBG sensor
can be followed in real time by interrogating the TFBG while it gets
plated as demonstrated in [38].4. Functionalization of the sensor for biochemical applications
This Section begins with an overview of techniques that can be
used to bind biomolecules on gold surfaces, and therefore that can
be applied to our sensing device. Then the speciﬁc case of aptamer-
based functional coatings is described in more details.4.1. Immobilization of biomolecules on gold
A critical element in the design of our biosensor is the approach
used for the immobilization of receptor biomolecules on the sensor
surface. Most methods fall in one of two categories, broadly char-
acterized as either physical or covalent immobilization (Fig. 7).4.1.1. Direct physical immobilization of the receptor biomolecules on
the gold substrate
In this simple approach, there is no conjugation chemistry link-
ing the receptor directly to the gold surface, rather the aim is to ad-
sorb the biomolecule onto the substrate’s surface. While the nature
of the physical interaction during the adsorption process is not
completely understood, in the case of biomolecule adsorption on
gold it is thought that hydrophobic interactions dominate this kind
of immobilization [39]. An advantage of this approach is that the
direct adsorption of proteins on gold can be a quick method for
producing a good coating of the surface transducer [39–42]. In-
deed, according to Cullen et al. [41] 5 min of contact between the
biomolecules and the metallic surface can lead to 75% coverage.
Nevertheless, this process is rarely used because of the numerous
drawbacks associated with it, including irreproducibility of recep-
tor binding, instability of the receptor coating and the possibility
that this non-speciﬁc, direct interaction with the metal can alter
the structure and biological properties of the receptor biomole-
cules. All these disadvantages have led to the investigation of
new techniques involving a stable and speciﬁc receptor biomole-
cule immobilization that also allow reproducible analysis.
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substrate
Chemical immobilization involves the formation of a strong
covalent linkage between the receptor and the sensor surface,
which improves not only the uniformity and the density of the sen-
sitive layer but also the overall reproducibility.4.1.2.1. One-step receptor immobilization. Instead of non-speciﬁcally
adsorbing a biomolecule directly on the gold surface, it is also possi-
ble to exploit existing functional groupswithin the receptor biomol-
ecule or to modify the biomolecule to allow it to form a speciﬁc,
covalent self-assembled monolayer (SAM) on the gold surface. Self
assembled monolayers (SAM) are organized layers of amphiphilic
molecules. To obtain long rangemolecular organization, the SAMre-
agents are usually constituted of a long alkyl chain to allow for inter-
molecular hydrophobic interactions to drive assembly. The
resultant monolayer is stable, orderly and dense. The covalent bond
between gold and sulfur, usually mediated through the sulfhydryl
(SH) functional group in thiols, has been used extensively in the
SAM functionalization of gold surfaces for sensing and molecular
recognition [43]. Theuseof native thiols (e.g. fromcysteine residues)
within protein-based receptors is one option for SAM formation.
However, this could disrupt overall protein structure and affect
binding. Chemical modiﬁcation of the receptors with pendant thiol
groups has been effective in leading to SAM formation with a mini-
mumof impact on binding efﬁciency [44]. This is particularly true in
DNA based receptors, such as aptamers, as pendant thiol functional
groups can be incorporated easily during automated solid phase
synthesis of the sequence [45]. In our previous work, we immobi-
lized 50-alkanethiol-modiﬁed aptamers [46] to allow for one-step
SAM formation on the gold substrate.
More recently, a new approach to direct receptor immobiliza-
tion has been investigated using phenyldiazonium salts. The strat-
egy of grafting phenyl radicals stemming from diazonium salts
onto a surface was implemented for the ﬁrst time in 1992 by Del-
amar et al. [47]. It consists of an electrochemical reduction of the
diazonium salt in an aprotic environment. This treatment allows
the formation of a covalent bond between the phenyl group and
the metallic surface as represented in Fig. 8. This approach is very
interesting because of its efﬁciency for a wide range of applications
[48–50], its simplicity, its speed and its good grafting ratio of phe-
nyl layers [51]. This diversity of use is due to the possibility of
incorporating various functional groups into the para-position of
the diazonium group.
The direct coupling between biomolecules and diazonium salts
was, at ﬁrst, realized with oligonucleotides. A DNA sequence [52]
was functionalized by 4-aminobenzyl amine and electrografted
on the surface, allowing the formation of a stationary phase for
the hybridization with a DNA sequence target. This approach is
typically used for in situmodiﬁcation of electrode surfaces for sens-
ing, thus it was not considered for this ﬁber application.4.1.2.2. Two-step receptor immobilization. In this approach, the sur-
face of the transducer is ﬁrst modiﬁed with a bifunctional SAM
which is then able to react with a functional group on the receptorN2+
Fig. 8. Immobilization of a diazoniumbiomolecule in the second step. Bifunctional molecules used for
SAM formation in this approach carry the thiol group (for the case
of gold) for surface interaction, and other functional groups at the
other end conferring new chemical reactivity to the surface [53–54].
Proponents of this method stress that the use of an intermedi-
ate organic layer helps to maintain the speciﬁc recognition proper-
ties of the receptors [55]. Several possibilities are employed for the
bimolecular immobilization on the metal surface but all result in
an intermediate ﬁlm between the metal and the biomolecule.
The intermediate ﬁlm can be more or less complex according to
the required properties for the biological immobilization. Thus, it
can consist of either one organic monolayer like a simple SAM or
of a SAM and a polymer ﬁlm.
Whatever the intermediate ﬁlm chosen for immobilizing a bio-
molecule (monolayer or polymer), it is necessary to have certain
functional groups present in the ﬁlm structure. These functional
groups can be classiﬁed in two types. They can be reactive groups
(e.g. epoxy) that can react spontaneously with some functional
groups present on the receptor biomolecule. It can also be chemical
groups (e.g. OH, COOH, NH2) in the intermediate ﬁlm that require
chemical activation in order for them to form a conjugate with the
nucleophilic sites of the biomolecules. Table 1 shows some com-
mon chemical reactions used for biomolecule immobilization.
Additionally, SAMs are generally used as an intermediate layer
when functionalizing a metallic substrate with a polymer ﬁlm. As a
consequence, the coupling reactions presented in Table 1 can also
allow the immobilization of an intermediate polymer ﬁlm to fur-
ther isolate the biomolecules from the transducer surface and facil-
itate the access to the receptors. Many polymers have been studied
for biomolecule immobilization, e.g. poly(acrylic acid) [64] and
poly(vinylpyrrolidone) [65]. The immobilization of all these poly-
mers can be realized by various techniques of grafting (‘‘grafting
onto’’ [66], ‘‘grafting from’’ [67]). As it is possible to control the
thickness of the polymer ﬁlms by ‘‘grafting from’’, only this method
will be described here. Fig. 9 sketches the proof of principle of the
method either from an initiator immobilized on the surface (A) or
from a vinyl compound (B).
The ‘‘grafting from’’ technique requires several steps. First, the
initiator (or the vinyl compound) is immobilized on a surface func-
tionalized by a monolayer, and then the polymerization is made
from the surface resulting in a polymer ﬁlm anchored on the trans-
ducer surface. When a vinyl compound is used, it is necessary to
add an initiator on the solution. In this case, the polymerization
is made at the same time from the surface and in the solution. After
the immobilization of the polymer ﬁlm, this can be used to graft
biomolecules thanks to its reactive functional groups or after their
activation by coupling molecule (cf. Table 1).4.2. Aptamer functional coatings
The choice of biomolecule for the speciﬁc recognition layer can
depend on the desired application. Based on the advantages de-
scribed in Section 1, aptamers were chosen as the speciﬁc receptor
of choice for our ﬁber surfaces. Aptamers have been developed for
a wide variety of molecular targets, ranging from small organicR
R
salt layer on a metallic surface.
Table 1
Commonly used coupling reactions for immobilizing an organic layer or a biomolecule onto a surface. Note that the reactive groups are interchangeable, i.e. in Reaction (1), the


























































































246 J. Albert et al. /Methods 63 (2013) 239–254molecules to supramolecular complexes such as viruses or cells.
The Aptamer base [68] is a repository for aptamer information,
where researchers can see if an aptamer for a target of interest











Fig. 9. Possible processes for the immobilization of polymer ﬁlms by the ‘‘grafting fromof that aptamer (http://aptamerbase.semanticscience.org). Of
course, if no aptamer has been developed for a target of interest,






’’ technique. (a) and (b) refer to two possible mechanisms to initiate the grafting.
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tively large amounts of the aptamer can be synthesized by auto-
mated solid phase synthesis on a DNA synthesizer. [19] As
described in [20], a wide range of chemistries is available for sen-
sor surface modiﬁcation. Aptamers can be synthesized with any
number of functional moieties at many locations. Depending on
the desired chemistry for surface attachment, modiﬁed phospho-
ramidites (synthetic nucleic acid building blocks) can be incorpo-
rated at precise locations in the aptamer sequence. Chemical
companies such as Glen Research (http://www.glenresearch.com/
index.php) and Chem Genes (https://www.chemgenes.com/) pro-
vide a range of phosphoramidites for this purpose. If a DNA synthe-
sizer is not available, custom DNA/RNA synthesis companies are
available to prepare the modiﬁed sequence. Companies such as
IDT (http://www.idtdna.com/site) and Sigma Genosys (http://
www.sigmaaldrich.com/canada-english/sigma-genosys-canada/
custom-dna-synthesis.html) can prepare aptamers with the more
routine modiﬁcations.
For our sensing application, we chose to look at the thrombin
binding aptamer, a ﬁfteen nucleotides long sequence composed
entirely of guanine and thymine (50-GGT TGG TGT GGT TGG-30)
[71]. It folds into a G-quadruplex structure and interacts with a-
thrombin, an important enzyme in the blood-clotting cascade, in
its ﬁbrinogen-binding exosite [72]. The aptamer was synthesized
on our Bioautomation Mermade Automated DNA synthesizer with
a 6-mercaptohexyl (an alkyl thiol) group at the 5’-end of the se-
quence using a 1-O-dimethoxytrityl-hexyl-disulﬁde,10-[(2-cyano-
ethyl)-(N,N-diisopropyl)]-phosphoramidite purchased from Glen
Research.
4.3. Conﬁrmation of biomolecule immobilization
Secondary conﬁrmation of both the receptor immobilization
onto the sensor surface, and target-receptor binding, is always
helpful when troubleshooting biosensor preparation and applica-
tion. Techniques such as radiolabelling [73], Fourier Transform
Infrared Spectroscopy [74] have found common use in this area.
Fluorescence microscopy and confocal laser scanning microscopyFig. 10. Two possible connection conﬁgurations to interrogate TFBGs: (a) transmission m
the LUNA instrument (which contains all the necessary optics): the ﬁber is connected inhave been used to conﬁrm protein binding to alkanethiols on gold
[75], and in monitoring ﬂuorophore-tagged thiols deposited on
surfaces [76,77], thus confocal microscopy was a good candidate
for further conﬁrmation of the attachment of thiolated aptamers
to the ﬁber surface. Other types of microscopy can be used to
examine the sensor surface before and after target binding to help
correlate sensor signal to surface coverage. Atomic force micros-
copy (AFM) is a powerful technique that can detect nanoscale
changes to the sensor surface, thus it was chosen for our ﬁber anal-
ysis after protein binding experiments [78].5. Interrogation of the sensing device
One of the unique features of this system is that it operates at
near infrared wavelengths between 1510 and 1620 nm, where
standard single mode ﬁbers perform best. Because of this, the
interrogation of the devices can be carried out with a variety of
instruments, tools, and methods developed for the telecommuni-
cations industry.5.1. Instrumentation
Changes in the optical properties of these devices are deter-
mined quantitatively by measuring the amount of power transmit-
ted through the TFBG as a function of wavelength, and then by
following changes in one or several narrowband attenuation dips
(the ‘‘resonances’’) corresponding to coupling of the core mode
light into selected cladding modes. The interrogation techniques
most often used to measure the transmitted amplitude spectra of
TFBGs can be classiﬁed into two categories: those using a broad-
band optical source and an optical spectrum analyzer and those
combining a tunable laser and a photodetector. The second ap-
proach is usually cheaper, faster (measurement time of the order
of 1 s to cover a 100 nm wavelength range) and more accurate
(1 pm of uncertainty on the wavelength value). In our experiments,
we work with a Micron Optics (model si720) ﬁber grating interro-
gator, an instrument that includes a tunable laser and a photode-ode; (b) reﬂection mode. The photograph shows a reﬂection conﬁguration that uses
to the instrument at one end and inserted in a test tube at the other end.
Fig. 11. On the left, a typical sensing cell in transmission mode. On the right a reﬂective sensor immersed in a micro test tube.
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the polarization of the input light plays a crucial role in the inter-
rogation process of TFBGs that are metal-coated for SPR applica-
tions, a linear polarizer is used upstream of the TFBG. Again
there are several options available, all with compatible ﬁber inputs
and outputs. We use a JDSU Polarization controller (Model
PR2000), but simpler manual polarizers such as the OZ Optics
FPR-1550 can be used. More sophisticated (and costlier) instru-
mentation that includes the polarization control with the tunable
laser is available from JDSU (SWS OMNI system) and LUNA Innova-
tion (Optical vector analyzer (OVA) model 5000 or CTe). These
instruments measure the optical transmission of devices for sev-
eral orthogonal polarization states at each wavelength. From these
measurements, the polarization dependent loss (absolute magni-
tude of the total power variation for all possible input polariza-
tions) and the minimum and maximum transmission values can
be extracted easily using Jones Matrix or Mueller Matrix calcula-
tions [79]. In the case of the LUNA OVA, the latter data is available
in real time during sensor interrogation (at a refresh rate of 1 Hz).
All the instruments and optical components used are readily avail-
able and they are all provided with standard optical ﬁber connec-
tors to which our devices are simply connected (see Fig. 10 for
instance).
5.2. Sensing system layout
A straightforward interrogation technique for gold-coated
TFBGs consists in measuring their transmitted amplitude spectrumFig. 12. Typical transmitted spectrum of 2 cmwith linearly polarized light, as sketched in Fig. 10a. As discussed in
Section 2, the angle of the input state of polarization is optimized
to generate the surface Plasmon resonance. The sensor is therefore
kept straight and the connecting optical ﬁbers are maintained
strain-free to avoid undesired polarization instabilities. The conﬁg-
uration in reﬂection (Fig. 10b) is more convenient to use in prac-
tice, as the sensor locates on the ﬁber tip and can therefore be
inserted in very small volumes. Also, the probe is inherently
straight and strain free. To work in reﬂection, two additional de-
vices are required: an optical circulator that collects the reﬂected
amplitude spectrum and a broadband mirror (most often a thin
gold coating deposited on the cleaved ﬁber tip) that maximizes
the end ﬁber reﬂection. It is worth mentioning that in the absence
of a reﬂective coating at the ﬁber tip, the end ﬁber reﬂection (so-
called Fresnel reﬂection) is only 4% in air, and less than 0.5% in
liquids.
In the results shown in this paper the sensor is used in trans-
mission mode. It is ﬁxed with help of UV-sensitive adhesive in a
plastic cell designed speciﬁcally for the biosensing tests (Fig. 11).
The ﬁber containing a typical 0.5–1 cm-long grating is immersed
in a carved out indentation at the surface of the cell (ﬁber ends
are glued into slots at each end of the cell so that the grating lies
straight, under the surface of the liquid). After the installation of
the grating, the immersion of the sensor is conducted at the begin-
ning of each test using a pipet adding on average 600 lL of ﬂuid
(potential microﬂuidic variants are described in the conclusion).
A glass slide on top of the cell prevents evaporation during exper-
iments. In between experiments, various rinsing steps are carriedlong un-tilted FBG (a) and 10 TFBG (b).
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tion levels are accurate for all tests. We do not use temperature
control thanks to the inherent temperature insensitivity of our
interrogation scheme. Finally the ﬂuid in the cell is stirred by a tiny
magnetic bar located on the bottom of the cell, under the grating.
For in situ testing, the reﬂective conﬁguration is used and the sen-
sor can be immersed directly into the ﬂuid of interest (Fig. 11). The
reﬂective conﬁguration also makes it easier to immerse the sensor
into various solutions of interest and to rinse it between experi-
ments (Fig. 10). The transmission cell must be ﬁlled and rinsed
carefully (manually at the present time, see Section 7 for a future
microﬂuidics implementation).Fig. 14. Evolution of the most sensitive resonance (kS) for a sensor immersed in a
mixture of ethanol and water to increase the refractive index by 0.726  10
(adapted from Ref. [30]).5.3. Typical measured responses
Fig. 12a depicts the typical transmitted spectrum of a 2 cm long
uniform and un-tilted FBG. A single strong rejection band centered
on the Bragg wavelength near 1560 corresponds to light that is re-
ﬂected backwards inside the core at that wavelength only. The use
of single mode ﬁber ensures that there is only one such resonance.
Apart from very small cladding mode resonances, light at all other
wavelengths is transmitted through the grating without loss by the
single mode guided by the core. With tilted grating planes, as
shown on Fig. 12b for the transmitted spectrum of a 2 cm long
10-tilt TFBG, the spectrum changes drastically and several tens
of strong cladding mode resonances appear on the short wave-
length side of the Bragg resonance (near 1610 nm in this case, as
determined by the periodicity of the grating). As discussed earlier,
when core-guided incident light at one of these resonance wave-
lengths encounters the grating, a large fraction (typically 90% and
above) of the light intensity is coupled to a well-deﬁned group of
cladding modes (i.e. guided by the cladding of the ﬁber instead
of the core) that is characterized by a speciﬁc value of effective
refractive index, for instance neff,clad,i for the i mode. According to
the phase matching relationship provided in Section 2, the group
of modes whose resonance is close to 1538 nm (inside the red oval
on the graph) have effective refractive index values, near 1.315,
which is the refractive index of pure water at these wavelengths.
When the effective refractive index of a cladding guided mode be-
comes equal or lower than the refractive index of the medium out-
side the guiding boundary, conﬁnement is lost and the light is
allowed to radiate out from the ﬁber. In the case of Fig. 12b, if
the grating is immersed in water the resonances at wavelengths
shorter than 1538 become strongly attenuated because theFig. 13. PDL spectrum (a) and minimum/maximum transmission spcorresponding modes are no longer guided by the cladding water
interface. Modes with resonance wavelengths close to but still lar-
ger than 1538 remain guided but very weakly and their evanescent
ﬁeld penetrates the outer medium over a thickness of several
wavelengths. The wavelength at which modes cease to be guided
is called the cut-off wavelength, and resonances just above that
point are the most sensitive to SRI changes [26]. Basically, the res-
onances close to cut-off shift toward longer (shorter) wavelengths
as the SRI increases (decreases) as a result of the large penetration
of the mode ﬁelds in the surrounding medium. For resonances with
wavelengths further away from the cut-off, the modes are increas-
ingly conﬁned into the cladding and their SRI sensitivity decreases
accordingly, eventually reaching absolute insensitivity for the core
mode resonance at the Bragg wavelength. The spectra shown in
Fig. 12 illustrate the difference brought about by tilting the grating
planes of an FBG but in this case no polarization control was used.
As noted in Section 2, the optimum use of the TFBG-SPR sensor
requires linearly polarized input light, oriented along the tilt plane.
With ASE sources this is achieved by inserting a polarizer in the in-
put path and by rotating it until the resonance amplitudes of each
group of modes is maximized. The two orientations thus obtainedectra (b) for a 50 nm gold-coated 10 TFBG immersed in water.
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necessary by the fact that it is not possible to predetermine the
correct input polarization since we are using non polarization
maintaining ﬁber. Once the correct angles are found, they do not
change with time, as long as all the ﬁbers in the beam path are
not moved. Typical resulting spectra were already shown in
Fig. 4. When using the OVA or SWS systems the situation becomes
much simpler: these systems automatically generate polarization
dependent data as noted in Section 4.1 and results can be ex-
pressed either as Polarization Dependent Loss (PDL deﬁned as
the difference in dB between the maximum and minimum trans-
mission over all possible polarization states at each wavelength)
as in Fig. 13a or as min/max transmission curves (i.e. a set of two
transmission curves corresponding to the minimum and maximum
transmission at each wavelength) (Fig. 13b), for the same data set.
5.4. Interrogation methodology for biochemical recognition
experiments
The methods described in the previous Section apply to all sit-
uations where the TFBG-SPR is used to measure changes in permit-
tivity occurring at and near the surface of the gold layer. In the
particular case of biochemical experiments, those changes can be
very small (order of 103 or less in refractive index) and occur over
very thin layers (from tens of nm to a few lm). In such cases the
main SPR envelope shifts by very small amounts (as small as 1–
5 pm) so the interrogation technique must proceed as follows:
1. Record a reference spectrum for S-polarized light in the
medium where the experiment is conducted (often a saline
buffer solution).
2. Record a reference spectrum for P-polarized light in the
same medium, by rotating the linear input state of polari-
zation by 90.
3. Compare both spectra to unambiguously locate the high
sensitivity resonance (kS) on the short wavelength side of
the SPR maximum. This would be the resonance near
1545 nm on Fig. 13. For skilled users, step 1 can be
bypassed as the high sensitivity resonance always locates
at the same position with respect to the SPR mode [80].
4. Measure changes in the amplitude and wavelength of this
resonance as a function of time following the injection of
analytes in different concentrations (see Fig. 14 for
instance).Fig. 15. TFBG-SPR response during the functionalization by aptamers (two different
sensors, 10 lM concentration of aptamer in buffer).5. Use the Bragg resonance as a reference to compensate
slight optical source power ﬂuctuations that might occur
(information contained in the power level) or shifts due
to ambient temperature changes (information from the
wavelength: a 0.1 C variation yields a change of the sur-
rounding refractive index of 105 and a Bragg wavelength
shift of 1 pm).
6. Calculate the normalized change in amplitude of the most
sensitive resonance as a function of time during the binding
reactions (Fig. 15 shows some typical responses).
Proceeding in this manner ensures that the maximum informa-
tion can be extracted from the sensing system, with the lowest
possible noise. In practice, automated means can be used to track
the position of several resonances (each within a wavelength win-
dow predetermined from test runs of a particular experimental sit-
uation) so that the wavelength position and minimum
transmission of the important resonance can be corrected in real
time (basically by measuring all wavelengths relative to the posi-
tion of the Bragg resonance and all power levels relative to the le-
vel observed on the long wavelength side of the Bragg resonance).
Calibration of the sensors for absolute values of SRI can be carried
out by immersing them into liquids of precisely known refractive
index as described in [32], but this is not normally necessary as
most biochemical binding experiments require only relative quan-
titative data between different molecules or concentrations.6. Preparation and application of a protein aptasensor
In this section we outline the detailed experimental conditions
for the preparation and the testing of the ‘‘aptasensor’’. The re-
agents used for the immobilization of the aptamers on the optical
surface depend on the desired approach to receptor immobiliza-
tion. Here are detailed protocols for our approach to aptamer
immobilization and sensor testing. Experimental details for the
other techniques presented in Section 4 can be found in Refs.
[71,72].6.1. Materials
All buffer solutions described herein were prepared using dou-
bly deionized water from a Milli-Q water system (ThermoFisher).
All DNA phosphoramidites and modiﬁers were purchased from
Glen Research. Bovine Serum and Bovine Serum Albumin were
purchased from Sigma Aldrich. Bovine serum solution for testing
was prepared as a solution of 50% Serum: 50% Tris Buffer
(50 mM Tris pH 7.4, 1 mM MgCl2, 140 mM NaCl, 5 mM KCl). The
thiolated thrombin aptamer, DNA sequence HS-(CH2)6-50-GGT
TGG TGT GGT TGG – 30 was synthesized on a MerMADE 6 DNA syn-
thesizer (Bioautomation Corporation). The sequence puriﬁcation
was conducted using Clarity QSP Cartridges (Phenomenex). The
DNA was dissolved in ‘‘DNA buffer’’ (5 mM phosphate, 100 mM
MgCl2, 50 mM NaCl). The mass of the DNA sequences were con-
ﬁrmed by ESI-MS and the Ellmann’s test [81] was conducted to test
for presence of the 50-thiol group prior to binding. Human alpha-
thrombin protein was purchased from Hematologic Technologies
Inc. The protein was aliquoted as needed and dissolved in ‘‘Protein
Buffer’’ (50 mM Tris pH 7.4, 1 mMMgCl2, 140 mMNaCl, 5 mM KCl).
The sequences used for the confocal microscopy experiments were
purchased from Alpha DNA (Montreal). In this case, the thrombin
aptamer sequences possessed the 50-thiol C6 modiﬁer, as well as
a Cyanine 3 (Cy3) dye modiﬁer at the 30 end, making the overall se-
quence 50-HS-(CH2)6-GGT TGG TGT GGT TGG-Cy3–30 (herein called
Cy3 DNA).
Fig. 16. (a) Confocal image of sensor with ﬂuorescently labeled aptamers [46]; (b) AFM image of sensor after protein attachment (concentration of 5 lM).
Fig. 17. Aptamer functionalized TFBG-SPR response in 5 lM concentrations of
thrombin and BSA. Dots represents the raw sensor response of the most sensitive
resonance amplitude and straight lines are exponential ﬁts to the data.
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This is achieved following 4 main steps
(1) Prior to surface modiﬁcation, the gold surface is cleaned to
remove organics and other potential interferents that could
affect SAM formation. While cleaning by polishing [82],
ozone [83], or etching [84] have all been suggested for elec-
trochemical sensing using gold, in our experience a simple
rinsing with ethanol and then de-ionized water was sufﬁ-
cient for our purposes.
(2) The thiol-modiﬁed aptamer solution with the desired con-
centration is deposited on the gold surface for 120 min.
The aptamer is dissolved in an appropriate buffer (we used
our ‘‘DNA buffer’’). Prior to deposition, conﬁrmation of the
presence of the 50-thiol group can be done using the Ell-
mann’s test as shown in reference [81]. The deposition of
the aptamer can be tracked by monitoring the relative
change in SPR signal during the deposition process. We
observed that deposition occurs quickly over the ﬁrst 5–
10 min, and that aptamer concentrations in the range of
10–20 lM are high enough to saturate the surface. Fig. 15
shows the amplitude of the most sensitive resonance (rela-
tive to its value, in dB, at the beginning of the aptamer
attachment process, for two different experiments (and
sensors).
(3) At the end of the deposition process, a 20 min rinse of the
sensor is done with water and then ‘‘DNA buffer’’. If desired,
this can also be monitored in real time by SPR.
(4) At this stage, if ﬂuorescence microscopy will be used for con-
ﬁrmation, the ﬁber should be rinsed thoroughly (until wash-
ings are colorless) to remove any unbound aptamers. The
ﬁber can then be imaged while mounted on microscope
slides in a solution of 50% glycerol in water. Fluorescently-
labeled aptamer using a common ﬂuorescent dye, Cy3,
attached at the 30-end of the aptamer can be used for these
experiments.
For our experiments, all images were collected on a confocal
microscope, the Zeiss LSM510 with a Plan-Apochromat 63/1.4
Oil Dic objective with LP950 ﬁlter, with an excitation wavelength
of 550 nm and an emission wavelength of 570 nm. A control ﬁber
that has been incubated in dye-labeled aptamer lacking the 50-thiolgroup, and hence unable to form the SAM on the surface, can ac-
count for any non-speciﬁc binding of the aptamer to the ﬁber sur-
face. The presence of ﬂuorescence on the surface of the ﬁber
(Fig. 16a), over and above any detected in the control, is conﬁrma-
tion of successful aptamer immobilization. However, once proto-
cols are well established, the use of labeled aptamers is not
necessary for our aptasensor.6.3. Thrombin detection
The functionalized sensor can now be exposed to target pro-
tein (Human a-thrombin) at different concentrations in protein
buffer, for at least 20 min incubation time. Again, results from tar-
get binding can be recorded in real-time. In a similar fashion to
the DNA immobilization step, the addition of thrombin shows a
rapid change in SPR signal over the ﬁrst 10 min of immersion,
after which it begins to stabilize, as shown in Fig. 17 for a concen-
tration of 5 mM of thrombin. A 20 min rinsing step with protein
buffer is recommended at the end of each experiment. It is inter-
Fig. 19. Artist conception of a multiplexed TFBG-SPR sensors embedded across a
microﬂuidic channel.
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surface but rather form isolated clusters (Fig. 16b). This granular-
ity does not perturb our measurement because the transmission
of our device reﬂects the average impact of the additional mole-
cules over the whole length of ﬁber surface that covers the
grating.
In order to validate that the signal is generated due to a speciﬁc
interaction, a control protein should also be tested. Bovine Serum
Albumin (BSA) was chosen as control in our experiments: the
choice of BSA arose from the fact that BSA is typically used as a
control for thrombin aptamer studies [85]. It is much larger than
thrombin (67 kDa compared to 37 kDa for thrombin), though,
and as a result there is a greater possibility of nonspeciﬁc interac-
tions with the ﬁber surface. Fig. 17 shows a one order of magnitude
difference in the sensor response to identical concentrations of
Thrombin and BSA. In a more detailed paper about these particular
experiments, our data revealed that detection of thrombin at con-
centrations as low as 0.1 lM are possible and that a sizeable differ-
ence in the signals of 0.1 lM thrombin protein, of 5 lM BSA, and of
5 lM pepsin (another non-speciﬁc target) can be seen in as little as
10 min [46]. In the same paper, more complex solutions were
tested in order to evaluate the sensor’s versatility and potential
applicability in a real-world setting. We chose bovine serum as it
contains a high concentration (60 mg/mL) of nonspeciﬁc proteins
and would more closely mimic testing in a true biological sample.
Although a strong non-speciﬁc signal is present in the serum, we
found that this sensor platform can be used in complex media such
as serum just as effectively as simple media such as buffer. All re-
sults above represent normalized amplitude evolution, relative to
the amplitude at the beginning of each cycle of experiments (in
dB). This method provides a LOD for thrombin of 22 nM, based
on three times the noise level in our system [46,86].
Finally, the attachment of the target protein to the ﬁber surface
can also be conﬁrmed using atomic force microscopy. AFM images
were collected on an Ntegra system using a SFC050LNTF AFM Head
on an inverted microscope (Olympus IX71). After target immer-
sion, the ﬁbers were rinsed with Milli-Q water. All sample micro-
graphs were collected in air on the dry samples. Fig. 16b reveals
that the sensor surface has many new structural features after tar-
get exposure that are not present on the aptamer modiﬁed surface
alone, in agreement with the change in SPR noted upon target
incubation.Fig. 18. Normalized amplitude of the TFBG-SPR aptasensor as a function of time6.4. Kd analysis
The dissociation constant (Kd) is a parameter used to character-
ize the binding strength between two interacting molecules. The
last result to be presented here deals with the ability of the SPR-
TFBG to determine Kd constants during in situmeasurement of bio-
molecular interactions. The Kd value can be determined with an
analyte ‘‘Ladder’’ test. The sensor functionalized with the aptamers
is immersed in successive solutions of increasing concentrations of
the target. Fig. 18 shows an exemplary TFBG-SPR signal response
during a ‘‘Ladder test’’ for the aptamer-Thrombin system [46].
In Fig. 18 the successive steps of the ladder are: (1) Milli-Q
water; (2) DNA buffer; (3) aptamer, 20 lM; (4) thrombin,
0.1 lM; (5) thrombin, 0.5 lM; (6) thrombin, 1 lM; (7) thrombin,
5 lM; (8) protein buffer; (9) regeneration in 0.2 M of Na2CO3.
The results conﬁrm that the speciﬁc interaction between the pro-
tein and the sensor leads to a signal increase after each new higher
concentration, and that an increase of the SPR signal remains after
a ﬁnal protein buffer wash. The surface is thus modiﬁed by the
immobilization of the target protein. The inset in the ﬁgure illus-
trates the relationship between normalized SPR signal change, for increasing concentrations of thrombin (details in the text) (from [46]).
J. Albert et al. /Methods 63 (2013) 239–254 253and thrombin concentration, from which Kd can be estimated [87].
Our results indicate a value of 40 ± 1 nM, within the bounds of Kd
values found for the same aptamer-protein system in solutions
(between 20 and 400 nM [71,88]). While it is well-known that a
covalent immobilization of protein on metallic surfaces may alter
the binding characteristics of the biological system [89], the ob-
tained results conﬁrmed that the aptamer afﬁnity was unaffected
by immobilization on the sensor surface and that the sensor was
able to detect target binding across the relevant thrombin
concentrations.7. Conclusions
Fiber-based biochemical sensors ﬁll an increasingly well-de-
ﬁned niche in the sense that they do not require elaborate light
management schemes to probe molecules and materials: light re-
mains guided in the ﬁber from source to detector, apart from local-
ized probe regions where it interacts with the immediate
surroundings of the ﬁber. This feature is the dominant factor in
making such sensors less expensive to fabricate and to use than
conventional biosensors (especially those based on surface plas-
mon resonance and resonant waveguide gratings). However this
comes with two main inconveniences: a higher (worse) limit of
detection and the impossibility to scale up toward massively par-
allel testing.
The TFBG-SPR devices that we are proposing here address the
ﬁrst issue by combining the surface plasmon resonance effect with
the grating-based approach in a single sensor that keeps all the
advantages of the ﬁber solution. The underlying ﬁber grating pro-
vides a ﬁne comb of high Q-factor resonances that probe the SPR
envelope and allow an order of magnitude improvement in the
determination of the SPR shifts under biochemical interactions at
the ﬁber surface. We have shown that we can separately excite res-
onances that enable SPR effects and resonances that do not (which
can serve as reference channels). The sensor also provides absolute
in situ temperature information, from the wavelength position of
resonances that are isolated from the outer surface. All of this addi-
tional information can be used to average out noise and to elimi-
nate many cross-sensitivity factors. We have also demonstrated
that aptamer based bio-recognition molecules are compatible with
the gold coatings that we use to generate SPR effects on ﬁbers and
provided detailed process steps to implement them for typical
sensing experiments.
Finally, the single-mode ﬁber that we use is compatible with a
wealth of instrumentation developed for optical networks, includ-
ing switch matrix devices that allow automatic interrogation of
several tens of optical ﬁbers in relatively rapid succession (on the
order of one second per ﬁber). Therefore the multiplexing issue
could be partially addressed by preparing multi-ﬁber sensing de-
vices embedded in a single substrate that includes a ﬂuidic channel
across the sensing regions of the ﬁbers (Fig. 19). In such conﬁgura-
tion, each ﬁber represents one channel of the multiplexed system
and the ﬁbers are read sequentially using the switch matrix. With
different surface preparations, the separate channels can be de-
signed to capture several targets, to provide baseline reference
data, or just to improve the LOD through statistical analysis of
the response of multiple identical sensors. Finally, the very simple
implementation proposed in Fig. 19 could be ﬁtted with more ad-
vanced microﬂuidic circuitry to refresh and prepare ﬁber coatings
individually prior to ﬂowing unknown samples through the multi-
plexed sensors.
Much of the development required for the exact quantiﬁcation
and deployment of practical sensors based on these technologies is
still in progress but it is hoped that the results presented herein
will stimulate further research in this area.Acknowledgments
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